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We report on the first experimental observation of a new threshold behavior observed in the 5 2G
partial channel in photodetachment of K−. It arises from the repulsive polarization interaction
between the detached electron and the residual K(5 2G) atom, which has a large negative dipole
polarizability. In order to account for the observation in the K(5 2G) channel, we have developed
a semiclassical model that predicts an exponential energy dependence for the cross section. The
measurements were made with collinear laser-ion beams and a resonance ionization detection scheme.
Inelastic scattering processes involving resonant exci-
tation have provided a wealth of information on bound
and quasibound states, whereas less emphasis has been
placed on nonresonant or continuum processes. Studies
of threshold behavior in such processes are of fundamen-
tal interest since they allow us to better understand the
nature of the interactions between particles created by
fragmentation. For example, Einstein’s interpretation [1]
of the frequency dependence of the threshold position in
the photoelectric effect was instrumental in the devel-
opment of quantum mechanics. Threshold effects have
been shown to be important in diverse areas of physics in-
cluding atomic and molecular, subatomic and solid state
physics [2]. Specific examples include nuclear halo states
[3], evaporative cooling of fermionic atoms [4], molecular
dissociation [5] and the neutron capture process [6].
In the field of atomic physics, the interpretation of
particle scattering and photo-fragmentation experiments
is aided by the fact that the interparticle interactions
are well understood. One particularly interesting photo-
fragmentation process is photodetachment. Here an elec-
tron is ejected from a negative ion following the absorp-
tion of a photon. Studies of threshold behaviors in one-
electron photodetachment are of fundamental interest.
Just above threshold, the detached electron moves very
slowly relative to the residual atom and its motion and
that of the remaining atomic electrons become highly
correlated. In this system, subtle correlation interac-
tions are not masked by far stronger Coulomb forces,
which is the case in photoionization. Wigner showed
that the centrifugal potential determines the behavior of
the cross section in the threshold region for two-particle
breakup reactions for which the interaction approaches
zero faster than r−2 [7]. The cross section is then given
by σW ∼ (Ehν − Eth)
ℓ+1/2 = Ee
ℓ+1/2, where Ehν is the
photon energy, Eth is the threshold energy and Ee and
ℓ are the kinetic energy and angular momentum of the
detached electron, respectively.
The Wigner law is strictly valid only at threshold.
However, good agreement between the Wigner law and
measured cross sections are typically observed up to en-
ergies on the order of 10 meV above threshold, see for
example Refs. [8–10]. In one particular case, however,
when detachment of an inner-shell electron was investi-
gated, the data followed the Wigner law up to 2 eV above
threshold [11]. The lowest order correction terms to the
Wigner law include the effects of the finite size of the ini-
tial state wave function [12] and the polarizability of the
residual atom [13]. Several theoretical studies of thresh-
old behavior in the presence of an attractive polarization
interaction have been made [13, 14]. The approximations
made in the model by O’Malley [13], however, severely
reduce its applicability when the polarizability is large
[15]. In photodetachment experiments on Li− and K−,
in which the atoms were left in highly polarizable states,
a more advanced modified effective range model [14] had
to be applied to describe the observed threshold behav-
iors [15].
In this Letter we present the results of an exper-
iment on one-electron photodetachment from the K−
ion. Specifically, the partial cross sections for the
K(5 2F)+e−(ǫd) and K(5 2G)+e−(ǫf) final state chan-
nels have been measured. The dipole polarizabilities of
the K atom in the 5 2F and the 5 2G states have been cal-
culated to be 3 936 137 and −3 097 696 a.u., respectively
[16]. The polarizability of the 4 2S ground state is 307
a.u. The large polarizabilities arise since the 5 2F and
5 2G} states are energetically close (separated by only
1.3 meV [17]) and thus interact strongly in an external
field, while other states are far away. Because of the large
polarizabilities, the polarization potential is expected to
play a significant role in determining the behavior of the
cross section above both thresholds. Our measurements
exhibit very different behaviors above the two thresholds:
a steplike onset in the 5 2F channel, while the increase of
the cross section in the 5 2G channel is very slow. This
difference is attributed to the sign difference of the po-
larizability and thus whether the final state interaction
is attractive or repulsive. This is the first reported ob-
servation of the effect of a strong, repulsive polarization
interaction on a photodetachment threshold.
The effects of the attractive and repulsive potentials on
2the onset of production of electrons in photodetachment
are reminiscent of the effects seen in the nuclear β decay
distributions [18]. In β− decay there is a steplike onset at
the low-energy end of the electron distribution, in sharp
contrast to the suppressed production of low-energy β+
particles. This difference is explained by the attractive
and repulsive Coulomb interactions, respectively, in the
final states.
In order to measure the small partial cross sections
for the K(5 2F) and K(5 2G) channels, the experiment
was performed in a collinear laser-ion beam geometry to
maximize the sensitivity. A resonance ionization scheme
was used to distinguish the two channels. The experi-
ment was performed at Gothenburg University Negative
Ion Laser Laboratory. Negative ions of potassium were
created from K2CO3 in a sputter ion source and were
accelerated to 6 keV energy. The ion beam was mass se-
lected in a magnetic sector before it was bent by an elec-
trostatic quadrupole deflector into an interaction region
defined by two 3 mm apertures placed 61 cm apart. This
part of the setup has been described in detail by Diehl et
al. [19]. The interaction region is shielded against stray
electric fields by means of a stainless steel tube centered
along the path of the ions. A SIMION [20] simulation
showed that the residual electric field in the interaction
region is substantially smaller than 1 V/cm. An elec-
tric field of this strength would result in a mixing of the
5 2F and 5 2G states that is less than 10−4, and this
effect can thus be neglected. In the interaction region,
the ion beam was merged with two copropagating laser
beams. A pulsed UV laser was used to photodetach the
K− ions. A pulsed IR laser resonantly excited the resid-
ual atoms to specific Rydberg states. After the interac-
tion region, an inhomogeneous electric field and a posi-
tion sensitive detector (PSD) served as a Rydberg state
analyzer. The analyzer will be described in more detail
in a forthcoming publication. Rydberg atoms in differ-
ent states were field ionized at different positions in the
field so that the resulting positive ions were deflected at
different angles into the detector. Information on where
the ions hit the PSD was used to distinguish between
different Rydberg states and to separate the field-ionized
Rydberg atoms from positive ions created in sequential
photodetachment-photoionization by two UV photons.
Another advantage of the PSD was that it enabled sub-
traction of diffuse background processes. The electrical
field in the Rydberg analyzer also deflected the negative
ion beam into a Faraday cup. For each shot of the two
lasers, the data from the PSD were recorded together
with the measured wavelength and pulse energy of the
UV radiation and the ion current.
The ion current in the interaction region was on the or-
der of 1 nA. Both lasers were Nd:YAG-pumped Optical
parametric oscillators delivering about 6 ns pulses with
repetition rates of 10 Hz. The specified bandwidths were
0.2 cm−1 ≈ 25 µeV. The pulse energy of the IR laser after
the chamber was approximately 0.2 mJ, which was suffi-
cient to saturate the resonant transitions to the Rydberg
states. The UV energy was approximately 0.7 mJ, far
from saturating the nonresonant photodetachment pro-
cess. In order to investigate the threshold regions, the
UV radiation was tuned from 4.290 to 4.352 eV in the ion
rest frame. The IR laser was tuned to one of the resonant
transitions 7 2S → 25 2P , 5 2F → 23 2D or 5 2G→ 22 2F ,
which, in the rest frame, correspond to 562.050, 519.566,
and 516.461 meV, respectively [17]. The UV pulse ar-
rived at the chamber approximately 50 ns before the IR
pulse.
Counts in a selected area of the detector were summed,
and the background around the selected area was sub-
tracted. This number was normalized with respect to
the ion current and the pulse energy of the UV laser
and finally sorted and binned based on the measured UV
wavelength. The measured photon energies were con-
verted to the ion rest frame based on the kinetic energy
of the ion beam. This induced an uncertainty in the en-
ergy scale that is less than 20 µeV, which is on the order
of the laser bandwidth.
Figure 1 shows the thresholds for photodetachment to
the K(5 2F) and K(5 2G) channels in panels (a) and (b),
respectively. Note that the energy range in (a) is 25 times
smaller than in (b). Figure 1 (a) covers the fast onset of
the cross section in the K(5 2F) channel, which plateaus
approximately 200 µeV above the threshold. The small
signal just below the channel opening is caused by the
finite bandwidth of the laser. This steplike rise at thresh-
old is the same energy dependence that has been seen in
photodetachment experiments leaving the residual atom
in a state with high positive polarizability [15], as dis-
cussed above. The observed threshold behavior deviates
strongly from the Wigner law. Even with the correction
term of O’Malley [13], the Wigner law cannot be used to
reproduce any part of the data in Fig. 1 (a).
With the large positive polarizability, the height of the
centrifugal barrier in the K(5 2F ) + e−(ℓ = 2) chan-
nel is reduced to only 31 µeV. At detachment energies
above this value, the electron can pass above the bar-
rier. Therefore, the cross section is expected to rise very
rapidly to its maximum value. This is in good agreement
with Fig. 1 (a), in which the cross section reaches 80 %
of the maximum value at 100 µeV above threshold.
In sharp contrast, the cross section for the K(5 2G)
channel, shown in Fig. 1 (b), has a very slow onset. More-
over, a broad resonance is seen to modulate the cross
section at energies around 4.32 eV. Except for this mod-
ulation, the cross section is increasing over the whole
observable range. The figure contains data up to 54 meV
above threshold, which is just below the K(7 2P) channel
opening.
The presence of the resonance in Fig. 1 (b) complicates
the analysis of the nonresonant threshold behavior. The
same resonance appears in the partial cross section for
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FIG. 1. Partial photodetachment cross sections measured
in the K(5 2F) channel (a) and K(5 2G) channel (b). Note
that the energy range in (a) is 25 times smaller than in (b).
The dashed vertical lines indicate the experimentally known
threshold positions [17, 21]. The solid line in (b) is a fit of
the function in Eq. (3) with σth from Eq. (2). The resonance
position and width, as extracted from the fit, are indicated
by the vertical and horizontal bars in (b).
the K(7 2S) channel (not shown), which opens at 4.255
eV [17, 21]. A fit of a Shore profile to this resonance
yielded a resonance energy E7
2S
r = 4.320(3) eV and a
width Γ7
2S
r = 25(9) meV.
The primary interest of this Letter is the nonreso-
nant threshold behavior of the K(5 2G) photodetachment
channel. Photodetachment into this channel yields an
electron emitted primarily as an f wave near threshold
and hence the Wigner law predicts a cross section that
should scale as Ee
7/2. However, due to the large polar-
izability of the 5 2G state, a deviation from the Wigner
law on the order of 20 % is expected at energies as low
as 10 µeV above threshold [13].
As was the case for the threshold in the K(5 2F) chan-
nel, the Wigner law with the O’Malley correction fails
to reproduce the shape of the onset seen in Fig. 1 (b).
Analysis of the experimental data therefore requires a
treatment in which the polarization potential is included
in a more sophisticated manner. As discussed above,
modified effective range theories have been developed to
describe thresholds in the presence of a large positive
dipole polarizability. To gain a qualitative understand-
ing of the observed cross section we have developed a
semiclassical model that takes the negative polarizability
into account.
In this model we consider the effective potential U(r) =
ℓ(ℓ+ 1)/2r2 − α/2r4 (in atomic units) for an electron
moving in the field of an atom with the static dipole po-
larizability α. Since the polarizability of the 5 2G state
is negative, this represents a purely repulsive potential.
By comparing the centrifugal and induced dipole terms,
one estimates that, with the polarizability calculated by
Liu [16], the polarization potential dominates for elec-
tron energies larger than 1 meV. Since the energy range
in the experiment extends significantly above this value,
we consider the limiting case where the centrifugal po-
tential is neglected. Furthermore, the repulsive potential
spatially separates the classically allowed regions of the
initial and final states to such an extent that it is only
the exponential tails of the wave functions, in the clas-
sically forbidden region, that contribute significantly to
the transition amplitude. In the classically forbidden re-
gion, the wave function of the free electron in the final
state can be expressed by using the semiclassical approx-
imation:
ψk(r) =
C(Ee)
r
√
p(r)
exp
(
−
∫ r0
r
p(x) dx
)
, r < r0, (1)
where k = (2Ee)
1/2 denotes the electron momentum,
p(r) = (|α|/r4 − 2Ee)
1/2, r0 = (|α|/2Ee)
1/4 is the classi-
cal turning point, and C(Ee) ∼ E
−1/4
e is a normalization
coefficient on the k/2π momentum scale. The integral in
Eq. (1) can be expressed in terms of the hypergeometric
function 2F1
[
− 1
2
,− 1
4
; 3
4
; ( rr0 )
4
]
. Since the region of sig-
nificance of the wave function overlap lies at r << r0,
ψk can be expanded in a power series of (r/r0)
4. Tak-
ing only the first-order term into account results in an
expression for ψk with separated r and Ee dependencies.
This form allows calculation of the energy dependence
of the photodetachment cross section, which is defined
by the integral of the squared transition amplitude over
the momentum space of the detached electron. Since
the transition amplitude depends on the energy Ee only
through ψk(r), it has the same energy dependence as the
exponential tail (1) of the continuum wave function. The
integral over the momentum space of final states yields
a factor Ee
1/2, which cancels the square of C(Ee). This
results in an analytic function for the cross section of the
form
σth ∼ exp
[
DEe
1/4
]
, (2)
where D = 211/4 π3/2 |α|1/4/Γ2(1
4
) ≈ 2.850 |α|1/4 is a nu-
merical constant. Very close to threshold, the centrifugal
potential cannot be neglected. The Wigner law should
therefore give a better description of the cross section for
small energies. As mentioned previously, however, the
4TABLE I. A comparison of resonance parameters, with
quoted uncertainties representing 1 standard deviation.
Origin Position, Er (eV) Width, Γr (meV)
K(5 2G) channel 4.319(4) 27(4)
K(7 2S) channel 4.320(3) 25(9)
Calculation [16] 4.32339 27.7183
range over which the Wigner law correctly describes the
energy dependence of the cross section is very small due
to the large polarizability of the 5 2G state. In situa-
tions where ℓ = 0, on the other hand, the induced dipole
potential is indeed the longest range interaction and the
model is thus expected to be valid at threshold. In such
cases, Eq. (2) represents the true behavior of the cross
section, including the noticeable property that the cross
section is finite at threshold.
The data shown in Fig. 1 (b) have been fitted with a
function that takes the presence of a resonance due to
a doubly excited state into account. The function is a
slightly modified expression by Liu and Starace [22]:
σpd = Aσth
(
1 +
ǫa+ b
1 + ǫ2
)
, (3)
where ǫ = (Ehν − Er)/(Γr/2). The nonresonant com-
ponent, σth, is represented by Eq. (2). The electron
that is emitted in the decay of the doubly excited state
experiences the same repulsive polarization potential as
electrons emitted directly by photodetachment. The in-
fluence of the resonance can therefore be reasonably ap-
proximated as a product of the threshold law and a Shore
profile, as in Eq. (3). The function contains 6 free pa-
rameters: the common amplitude factor A, the factor D
in the exponent, the resonance energy Er, the resonance
width Γr, and the Shore parameters a and b, characteriz-
ing the shape of the resonance. Tabulated experimental
values [17, 21] were used for the threshold energy in the
fitting procedure. Our model yielded a good fit to the
data and the extracted energy and width of the resonance
were E5
2G
r = 4.319(4) eV and Γ
5 2G
r = 27(4) meV, re-
spectively. The fit is shown in Fig. 1 (b) together with a
horizontal bar indicating the resonance parameters. The
resonance parameters are in agreement with those ex-
tracted in the K(7 2S) channel and those calculated by
Liu [16]. Table I compares the three sets of values. We
also performed the fitting using fixed values of Er and Γr
given by either the fit to the K(7 2S) channel data or the
calculation by Liu [16]. These fits, with only four free
parameters, gave curves that are indistinguishable from
the fit shown as the solid line in Fig. 1 (b).
The good fit to the data in Fig. 1 (b) and the good
agreement with resonance parameters in Table I indi-
cates that the nonresonant background can be well rep-
resented by the exponential function in Eq. (2). This
function includes the polarizability of the excited atomic
state. This means that it is, in principle, possible to ex-
tract an estimate of the polarizability of the 5 2G state
from the shape of the curve shown in Fig. 1 (b). The re-
sult from the fit gives a polarizability of −2.7× 104 a.u.,
indeed a very large value, although significantly smaller
than −3.1 × 106 a.u. as calculated by Liu [16]. How-
ever, we do not expect our model, which was developed
to achieve a qualitative understanding of the threshold
behavior, to be able to give a reliable value of the po-
larizability. In particular, to neglect the centrifugal po-
tential and consider only the polarization interaction is
most likely an oversimplification. In addition, the simple
1/r4 radial dependence of the induced dipole potential
might not be a complete description of the polarization
interaction, especially for small radial distances. When
the interaction between the atom and the free electron is
weak, a perturbative treatment results in the simple 1/r4
radial dependence. When, on the other hand, the inter-
action becomes strong, nonperturbative methods may be
needed. This could result in a more complicated radial
dependence of the repulsive potential than used in our
analysis. It might also be important to take the dynam-
ical effects on the polarizability into account in a full
model of the threshold behavior.
In summary, we have investigated near-threshold cross
sections for two channels in which the residual atom is left
in highly excited and highly polarizable excited states.
The channels differ in that the sign of the dipole po-
larizability is different. The induced dipole interaction
is so strong that it dominates and determines the gen-
eral shape of the photodetachment cross sections. In the
case of the K(5 2F) channel, the attractive polarization
potential reduces the height of the centrifugal barrier.
This leads to a steep onset of the cross section, which
plateaus once the electron can pass above the barrier.
In sharp contrast, the K(5 2G) channel exhibits a much
slower onset above threshold. This is due to the repul-
sive potential, which precludes a large overlap of the wave
functions at low electron energies. We have shown that
a qualitative understanding of the shape of the cross sec-
tion can be obtained through a semiclassical model. The
resulting exponential energy dependency has been suc-
cessfully used to represent the nonresonant component
in a fit to the data, which also includes a resonance.
It is expected that the data and model presented in this
Letter will initiate further theoretical work, resulting in
a more detailed understanding of the observed threshold
behaviors. There are many pairs of states in the alkali
atoms that have large polarizabilities with opposite signs.
It is our intention to systematically probe these states in
order to investigate the threshold behaviors as a function
of polarizability.
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